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SUMMARY 


to  be  studied*, 
jar* 


This  interim  report  presents  the  Sperry  efforts  to  date  in  its 
research  lprogram  investigating  predictive  instrumentation  techniques  for 
manual  control  of  aircraft,  under  Contract  ^1^-^197(00) . 

The  work  accomplished  to  date  includes  the  followings 

CO  A  detail  definition  of  the  characteristics  of  the  control  systems 

Title  include  A  EES  (1«  lei'iulua  llurror  -the  •  prediction 
jn_Qhaxactexi«t±csf~aria“'tHe*' Situation  param- 


Che  design  and  fabrication  of  a  complex  of  experimental  equipment 
which  will  permit  the  research  to  be  implemented^ \  This • cymslnrts 
of  a_control  station  f?r  the  ^f^rr«,y~7na^^-'Trr) 

a^Hrirt-dlrflctjor,  and  a]1  ..  thv ■  fle-trT4-1— 1  Qon — 

trol  erateafyy-prcfceae-lmpmfc  4Ht  from  TTiltrt;^rM,,''8iparlmenter , 
and  arnnmBatm.mil  nf. 

erformance  criteria  particularly  suited  to  evaluating  manual 
control  capability  for  tasks  with  limited  time  constraints  have 
been  generated^  &rJr  ) 


^  An  experimental  program  which  will  permit  the  systematic  inclu¬ 
sion  of  all  of  the  variables  which  affect  control  performance  has 
been  established  In  detail. 


The  completion  of  this  research  will  provide  a  sound  basis  for 
appropriately  applying  prediction  eoneepts  to  specific  aircraft  maneuver 
tasks,  Incorporating  prediction  Information  In  existing  cockpit  displays, 
and  generating  new  displays  to  handle  prediction  data.  (  \ 
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SECTION  I 

INTRODUCTION 


This  report  was  prepared  by  Sperry  Gyroscope  Company  Division  of 
Sperry  Rand  Corporation,  Great  Neck,  New  York,  under  Contract  No.  NONR- 
4197(00) . 

Predictive  instrumentation  involves  the  presentation  of  informa¬ 
tion  to  the  vehicle  operator  regarding  the  future  state  of  the  vehicle  as 
the  result  of  contingent  control  inputs.  As  presently  conceived,  this  is 
accomplished  by  presenting  extrapolated  paths  based  on  the  present  position 
of  the  vehicle,  the  contingent  control  input,  and  the  dynamic  characteris¬ 
tics  of  the  control  system. 

Information  pertaining  to  the  result  of  a  particular  control 
input  before  that  input  is  made,  can  be  of  significant  value  to  the  opera¬ 
tor,  particularly  In  time-constrained  situations.  In  time- constrained, 
error-nulling  situations,  where  the  vehicle  must  be  correctly  positioned 
within  a  given  time,  it  is  not  always  sufficient  to  present  "quickened" 
flight  director  command  information  (reference  1).  While  this  information 
tells  the  pilot  which  control  input  is  correct,  it  gives  no  information 
regarding  the  time  required  to  arrive  at  the  desired  end  state.  The 
maneuver  may  be'correct,  but  it  may  take  too  long.  Therefore,  information 
involving  both  maneuver  appropriateness  and  maneuver  time  in  relation  to 
available  time  would  have  utility  in  such  situations.  This  is  what  pre¬ 
dictive  instrumentation  accomplishes.  It  puts  the  projected  result  of  a 
control  input  into  the  context  of  available  time,  and  in  effect,  tells  the 
pilot  what  his  future  position  will  be,  and  when  this  will  occur. 

Prediction  information  can  be  used  with  or  without  flight  director 
instrumentation.  Used  together,  prediction  places  the  comma/id  Information 
in  a  time  context  so  that  the  pilot  is  told  what  to  do  (flight  director) 


and  how  lone  the  complete  maneuver  will  take  (prediction) .  Predictive 
information  itself  gives  the  pilot  future  maneuver  data  ;Ln  position  and 
time  for  specific  control  inputs,  but  it  does  not  give  him  control  command 
information. 


SECTION  II 

PREDICTION  TECHNIQUES 


The  prediction  techniques  being  investigated  in  this  program  are 
of  two  types.  Those  based  on  fixed  stick  inputs  are  termed  simple  pre¬ 
diction  systems,  while  those  based  on  quickened  or  director  programs  to 
control  stick  inputs  are  called  flight  path  prediction  systems.  The  effec¬ 
tiveness  of  these  system^  must  be  compared  to  performance  levels  achieved 
with  manual  control  systems  and  with  director  control  systems.  A  descrip¬ 
tive  summary  of  all  systems  being  investigated  is  presented  in  the  follow¬ 
ing  paragraphs. 

2-1.  SIMPLE  MANUAL  CONTROL 

Tne  human  pilot  is  presented  with  displacement  Information  only, 
as  in  figure  1.  Ho  can  obtain  rate  information  visually  by  observing  the 
rate  of  change  of  displacement*  through  the  motion  of  the  vehicle  with 
respect  to  the  desired  course.  Acceleration  feedback  may  also  be  c  tained 
to  some  extent  from  any  curvature  that  the  path  of  the  vehicle  may  exhibit. 
The  operator  controls  stick  position  to  return  the  vehicle  to  the  on-course, 
and  to  maintain  this  flight  path,  before  the  vehicle  reaches  the  gate  at 
the  end  of  its  run.  The  vehicle  has  a  constant  speed  in  the  longitudinal 
deviation,  which  defines  the  time  available  for  the  control  task. 

2-2.  DIRECTOR  CONTROL 

A  flight  director  computer  combines  displacement,  rate,  and 
higher  derivative  informatic  l  to  provide  a  single  command  signal  which  the 
pilot  can  easily  satisfy  continuously  with  appropriate  control  inputs.  The 
flight  director  display  may  be  in  either  pursuit  or  compensatory  form,  and 
it  is  presented  as  the  indicator  with  the  single  element  in  figure  2.  The 
vehicle  will  return  to  the  doslred  course  in  a  stable  manner 5  the  exact 


2-1 


pash  will  depend  on  the  initial  conditions,  the  dynamic  characteris-ics  of 
the  veuicle,  and  the  sensitivities  selected  f nr  ii^mts  to  the  flight  direc¬ 
tor.  The  position  of  the  vehicle  with  respect  to  the  on-cour#e  _  •  also 
displayed  for  purposes  of  situation  a*£«,jsm«nt  (oor itorlng) . 

2-3.  SIMPLE  PREDICTION 

The  position  of  the  vehicle  in  relation  to  the  on*  course  Is  di„ - 
played  as  in  the  case  of  simple  manual  control.  In  addition,  one  or  more 
predicted  flight  paths  are  also  presented,  as  indicated  in  figure  3.  li.es.; 
represent  the  path  of  the  vehicle  if  the  control  w ere  immediately  returned 
to  neutral,  or  maintained  in  its  present  position,  and  the  paths  if  tin; 
control  were  similarly  placed  in  either  the  left  or  right  extreme  or  hard- 
over  positions.  The  pilot  decides  when  and  how  to  manipulate  the  control 
on  the  basis  of  the  present  position  of  thfe  vehicle  and  the  predicted 
flight  paths. 

2-4.  SIMPLE  PREDICTION  UW  DIRECTOR  CONTROL 

This  control  scheme  is  a  composite  of  Simple  Prediction  and 
Director  Control,  and  its  display  is  presented  in  figure  4.  The  prediction 
information  Is  used  to  reduce  large  displacements  in  relatively  short  time 
periods,  while  the  director  provides  stable  coupling  to  the  on-course. 

2-5.  FLIGHT  PATH  PREDICTION  WITH  DIRECTOR  CONTROL 

Torn  predicted ^flight  path  of  the  vehicle  if  the  pilot  were  to 
continuously  satisfy  all, director  commands  is  presented  in  the  display  in 
figure  5.  The  pilot  hsi^  an  Immediate  indication  whether  the  flight  direc¬ 
tor  program  is  adequate  to  redude  the  displacement,  and  Its  rate  to  accep¬ 
tably  low  values  in  the  time  or  range  remaining  for  the  maneuver. 

o 

2-6.  FLIGHT  PATH  PRXDICTION  WITH  PARAMETRIC  DIRECTOR  CONTROL 

This  system  is  Identical  to  the  preceding  Flight  Path  Prediction 
System,  with  the  exception  of  one  key  addition.  The  pilot  can  modify  the 
flight  director  control  program  if  the  prediction  information  indicates 
that  the  program  is  inadsquats  to  reduce  the  displacement  and/or  rate  error 
in  the  time  remaining.  Thus,  in  figure  6,  the  pilot  reduces  thh  response 
time  of  the  system  by  altering  the  flight  director  program  until  prediction 
for  the  modified  program  indicates  that  it  is  satisfactory,  e.g.,  the 
dotted  flight  path. 
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SECTION  III 


PARAMETERS  TO  BE  INVESTIGATED 


The  factors  which  affect  performance  levels  achieved  in  manual 
control  tasks  may  be  classified  in  throe  categories?  prediction  parameters, 
system  characteristics,  and  situation  parameters. 

3-1.  PREDICTION  PARAMETERS 

Three  aspects  of  prediction  are  important?  what  i3  predicted, 
hov  far  ahead  in  time  is  it  predicted,  and  how  often  is  it  repeated  on  the 
display? 

A.  NUMBER  AND  TYFE  OF  PREDICTIONS 

The  quality  of  Information  presented  by  means  of  the  display  is 
affected  by  the  nature  of  the  prediction.  That  is,  how  useful  is  the  pre¬ 
dictive  Information  given  to  the  operator?  For  simple  prediction  techniques 
the  nature  of  the  information  is  a  predictor r;  of  the  future  path  of  the 
vehicle  based  on  a  contingent  control  stick  position.  It  is  possible  to 
predict,  on  the  basis  of  any  stick  position,  the  vehicle  motion  which  would 
result  from  the  control  being  In  thnt  position.  For  simple  prediction, 
useful  displays  to  an  operator  consist  of  inf  nation  relating  to  what 
would  happen  if  the  stick  were  in  the  hard-o>  positions,  and/or  the 
center  (zero  acceleration)  position,  and/or  tnc-  present  stick  position. 
Extreme  positions  tell  the  operator  the  limits  of  control  capability,  null 
position  tells  him  the  effect  of  no  more  control  inputs,  and  the  present 
position  tells  him  the  effect  of  no  control  change. 

For  director  control,  the  control  inputs  are  constrained  by  the 
director  program  from  which  the  track  of  the  vehilce  may  be  predicted  and 
displayed. 


B.  PRBDICTIOI  PERIOD 

Regardless  of  what  Is  predicted,  the  period  of  tine  for  which  it 
is  predicted  he*  informational  importance.  Some  considerations  are  invol¬ 
ved  in  this  parameter  to  determine  suitable  limits.  The  utility  of  pre¬ 
diction  is  based  on  the  operator  being  able  to  act  on  this  information. 

For  example,  If  a  system  cannot  respond  in  less  than  2  seconds,  it  does  no 
good  to  predict  for  only  one  second  ahead,  since  the  operator  is  unable  to 
take  any  effective  aotion.  Conversely,  a  prediction  beyond  the  available 
maneuver  time  has  no  practical  value  for  the  operator,  since  he  is  not 
ccncerned  with  what  happens  after  the  available  time  has  elapsed.  The 
Units  of  this  parameter  are  defined  than  by  the  system1 b  response  time  at 
the  lower  end,  and  by  the  available  time  at  the  upper  end.  It  is  logical 
t.'.at  the  prediction  period  should  be  a  function  of  available  time  rather 
than  a  prescribed  number  of  seconds.  That  is,  the  operator  may  want  to 
see  3  seconds  prediction  for  a  10- second  problem,  but  9  seconds  for  a  30- 
second  problem.  In  both  cases  he  is  seeing  ahead  30  percent  of  the  time 
before  the  final  gate  is  reached.  It  is  lmprotant  to  determine  system 
performance  as  a  function  of  predicting  different  proportions  of  available 
time. 

C.  PREDICTION  REPETITION  RATE 


A  third  Important  oonsldereatlon  in  displaying  predicted  informa¬ 
tion  is  the  repetition  Mte  at  which  it  it  displayed <  Here  again,  available 
time  la  critical  Am  determining  the  utility  of  repeated  information.  For 
long-term  pratMM  the  operator  is  not  interested  in  very  rapid  repetitions 

ition,  but  would  probably  be  able  to  profit 


of  eaemntlmllr 
by  a  slow*  p 

atitloal  in  determining  the  value  of  prediction 
Am  that  they  provide  adequate  lnfoimation  to 
gpaftroi  inputs.  In  this  regard,  relationship 
mpatltlon  rata  exists.  For  example,  in  short- 

his  prediction  updated  most  frequently  and 
wants  to  lack  A  jralattvely  short  time  ahead.  In  long-term  problems  where 
short-time  ohaagjM  arm  apt  avitleal,  he  would  be  adequately  served  by  a 
longer  predlottam  period  whioh  la  updated  less  frequently.  Thus,  the 
prediction  paPtad  aad  ra petition  rate  parameters  are  Interdependent,  both 
being  bated  am  available  time.  Their  influence  on  the  display  is  indicated 
in  figure  7* 


period  aad 
allow  far 
between 
term  problems 
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3-2.  SYSTEM  CHARACTERISTICS 

System  performance  is  mediated  by  the  dynamic  characteristics  of 
the  system(  which  determine  how  the  system  responds  to  the  control  input. 

The  nature  of  these  dynamics  vary  with  the  mathematical  order  of  the  system, 
as  Indicated  in  table  1. 


TABLE  1 

SYSTEM  CHARACTERISTICS 


Order  of 

Dynamic 

Control 

System 

Parameters 

Input 

first 

r 

e 

Velocity  y 

Second 

Acceleration 

em 

y 

Third 

£>  l,  “n 

Rate  of 
Acceleration 

erne 

y 

Table  1  pertains  to  a  system  in  which  position  is  the  controlled 
variable,  but  its  form  has  general  application. 

For  a  first-order  system  the  relevant  parameter  is  a  time- constant, 
r.  While  the  first-order  system  cannot  overshoot,  it  is  affected  by  the 
parameter  r  in  terms  of  the  time  before  the  desired  output  is  reached.  For 
second-order  systems  the  parameters  are  damping  £,  which  determines  the 
shape  of  the  response  track,  and  natural  frequency,  <*n,  which  determines 
the  extension  of  the  track  in  real  time. 

These  dynamics  determine  the  system's  transient  response  charac¬ 
teristics  and,  for  a  director- type  predictive  system,  are  used  to  trace  the 
predicted  path*  %  this  technique  it  becomes  possible  for  the  operator  to 
be  shown  the  path  the  system  takes  when  the  control  input  is  as  directed, 

and  whether  the  maneuver  will  be  completed  in  time. 

•& 

dinoe  the  transient  response  characteristics  determine  system 
performance  and  these  characteristics  are  determined  by  the  system  dynamics, 
their  importance  is  evident.  In  the  non-dlrected  system,  the  operator,  in 
effect,  is  the  one  who  determines  these  response  characteristics  by  modify¬ 
ing  control  inputs  to  modulate  the  system  dynamics. 

3-3.  SITUATION  l ARAMKTKRS 

The  situation  parameters  define  in  detail  the  problem  with  which 
the  operator  is  confronted  in  the  control  task,  as  indicated  in  figure  8. 
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A.  AVAILABLE  TINE 


As  an  example,  consider  the  problem  confronting  the  operator 
whose  control  task  Is  to  position  the  vehicle  correctly  with  respect  to  an 
"on-course"  line  within  a  given  time  limit.  This  time  limit  Is  determined 
by  the  forward  velocity  of  the  vehicle  and  the  distance  to  the  end  gate. 

As  the  available  time  decreases)  the  demands  on  the  operator  to  make  a 
correction  more  quickly  and/or  more  drastloally  Increase.  Consequently, 
available  time  is  critical  in  determining  the  requirements  of  the  system, 
and  its  performance  can  be  evaluated  as  a  function  of  this  parameter. 

Indeed,  success  or  failure  of  a  maneuver  is  determined  in  terms  of  available 
time;  for  correction  is  or  Is  not  possible  depending  on  how  much  time 
remains  in  which  to  stake  the  correction.  Even  when  enough  time  is  avail¬ 
able/,  it  behooves  the  operator  to  make  the  correction  as  quickly  as  possi¬ 
ble  in  order  to  unburden  himself  toward  the  end  of  the  problem  (that  is, 
to  allow  as  much  siargln  for  safety  as  possible) .  In  this  sense,  the  oper¬ 
ator  Is  practically  constrained  to  null  the  system's  error  state  as  quickly 
as  possible  with  available  time  as  a  limiting  factor. 

B.  INITIAL  ERROR  AND  ERROR  RATE 

The  need  for  corrective  control  Inputs  in  any  problem  situation 
is  contingent  upon  the  existence  of  an  error  state.  An  error  state  results 
from  a  positional  error,  for  example,  a  displacement  of  the  vehicle  from 
the  course  line,  or  from  a  track  heading  error  which  produces  an  error 
rate,  or  a  combination  of  poaitloa  and  treok  heading  errors. 

As  the  error  snmUttea  of  the  system  varies  so  does  the  require¬ 
ment  for  the  system  to  so— ft  it*  With  a  given  available  time  the  greater 
the  error  condition,  the  granted  the  demand  on  the  system. 

the—  la  a  ralatl— strtp  be —asm  available  time  and  error  condi¬ 
tion  which  determines  the  adafHMymf  a  system.  A  combination  of  these 
two  factors  can  be  avail  that  the  syatM  ia  incapable  of  sueoesaful  maneuver, 
if  there  la  not  enough  time  ta  Mil  ant  the  existing  error.  For  s  given 
systea  then,  an  envelope  of  feasibility  oan  ha  determined  on  the  basis  of 
error  oonditlena,  system  ehaaeeterlstles,  tad  available  time. 

The  nature  of  the  tvaaaient  response  of  s  second  order  system 
subject-  to  on  initial  error  ant  an  initial  error  rate  is  presented  in 
figures  9  and  10.  me  effect  of  the  paraaeters  {  and  on  the  response  is 
indicated  in  these  figures.  The  date  on  whioh  the  responae  to  an  initial 
position  error  (figure  9)  Is  based,  is  standard  in  the  literature,  as  for 


example,  reference  2.  However,  the  response  to  an  Initial  error  rate  is 
not  available,  and  was  developed  on  this  program  as  presented  in  Appendix 
A.  The  combination  of  data  for  error  and  error  rate  enables  one  to  deter¬ 
mine  the  response  of  the  linear  system  subject  to  any  combing!  initial 
error  and  error  rate  by  superposition. 

3-4.  DISPLAY  PARAMETERS 

There  are  a  number  of  display  parameters  which  mediate  the  quality 
of  predictive  information  presented  to  the  operator.  These  include  trace 
persistence,  intensity  and  contract  levels,  and  symbol  size  and  shape. 

A.  TRACK  PERSISTENCE 

In  a  CRT  presentation,  predictive  information  is  presented  in  the 
form  of  successive  traces  spaced  a  relatively  short  time  apart,  which  may 
overlap.  The  persistence  of  the  trace  must  be  considered  in  terms  of 
possible  confusion  due  to  superimposition.  If  persistence  time  is  too  long, 
the  effect  of  successive  presentations  may  be  a  confusion  of  lines  so  that 
it  is  difficult  to  tell  them  apart.  If  persistence  time  is  too  short,  on 
the  other  hand,  information  may  be  lost.  Ths  prediction  is  generated  by  a 
fast  time  extrapolation  of  present  position  and  takes  a  finite  time  to 
trace  out  in  its  entirety.  If  persistence  is  too  short,  the  beginning  of 
the  trace  can  disappear  before  the  end  is  generated.  The  phenomenal 
result  would  not  be  a  complete  line  trace.  As  a  result,  variable  inter¬ 
mediate  information  may  be  lost. 

B jl  INTENSITY  AMD  CONTRAST  LEVELS 

Information  is  of  no  value  if  it  cannot  be  seen  clearly  by  the 
operator.  In  order  tc  maximize  clarity  of  information  it  is  important  to 
consider  contrast  and  intensity  levels,  particularly  where  tnese  parameters 
are  uaed  to  distinguish  ons  pises  of  information  from  another,  e.g.,  present 
stick  position  prediction  distinguished  from  center  stick  position  by  dif¬ 
ferent  intensity  levels. 

C.  SYMBOL  SIZE  AND  SHAPE  t 

The  size  and  shape  of  the  symbology  representing  the  present  or 
the  terminal  position  of  the  vehicle  can  affect  the  Information  aspects 
of  the  display. 
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D.  SUMUitf 

That*  display  characteristics,  although  parametric  in  nature,  are 
presently  not  being  considered  as  experimental  variables.  Instead,  parti¬ 
cular  values  of  each  have  been  selected  from  a  range  available  with  the 

experimental  equipment.  These  are  assumed  to  be  adequate  for  the  presents- 

•  \ 

tlon  of  information. 


J; 


c 
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SECTION  IV 


EXPERIMENTAL  EQUIPMENT 


ii 

A  view  of  the  arrangement  of  experimental  equipment  which  has 
been  designed  and  fabricated  for  this  research  program  is  shown  in  figure 
11.  This  complex  does  not  include  the  analog  computer  and  the  data  recorders. 
A  close-up  of  a  test  subject  in  his  seat  with  the  primary  CRT  display,  the 
flight  director  below  the  CRT,  and  the  control  stick  is  shown  in  figure  12. 

A  detail  description  of  all  of  the  components  in  the  complex, 
and  their  relationships  is  presented  in  this  section. 

4-1.  GENERAL 

A  simplified  breakdown  of  the  system  is  presented  in  the  system 
block  diagram,  figure  13.  The  major  subdivisions  are  indicated,  together 
with  the  interconnections,  and  inputs  and  outputs.  The  system  consists  of 

-  Analog  Computer,  Beeves  Model  400C 

-  Control  Panel 

-  Switohes  and  Pattern  Generator  Unit 

-  Image  Programmer 

—  Oscilloscope  (CRT  Display). 

The  Analog  Computer  (figure  14)  receives  input  signal  information 
from  the  control  stlok  and  processes  it  to  derive  the  required  voltages  to 
generate  all  traoes. 

The  Control  Panel  oontains  the  indicator  lights,  switches,  and 
controls  to  allow  salaotion  of  mods  of  operation  and  adjustment  of  problem 
time,  initial  delay  of  stick  control,  initial  error,  initial  error  rate, 
computer  coefficients,  and  electrical  stick  stiffness.  In  addition,  the 
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the  Control  Panel  has  the  problem  start  push-button  with  Indicator  light 
indications  for  computer  ready,  recorders  ready  and  problem  on.  At  the 
end  of  the  problem,  the  equipment  resets  automatically. 

The  Switches  and  Pattern  Generator  Unit  contains  the  gates  that 
control  the  flow  of  analog  data  to  the  oscilloscope.  Actuating  pulses 
for  the  gates  are  received  from  the  Image  Programmer  and  convert  the  com¬ 
puter  information  from  parallel  to  serial  form,  as  required  by  the  oscillo¬ 
scope.  The  Switches  and  Pattern  Generator  Unit  offers  controls  for  adjust¬ 
ing  the  display  time  for  the  fast  traces,  the  dead  time  between  traces, 
and  percentage  of  the  fast  traces  to  be  blanked.  In  addition,  there  are 
controls  for  adjusting  sizes  of  real-time  and  fast-time  vehicle  identifi¬ 
cation  Images,  either  crosses,  circles,  or  both. 

The  Image  Programmer  generates  the  pulses  required  to  fire  the 
switches  and  effects  a  multiplexing  program  of  the  computer  analog  outputs 
to  make  them  compatible  with  the  oscilloscope.  As  indicated  in  figure  15, 
image  programming  functional  drawing,  the  400-eps  voltage  supply  is  used 
as  the  tiijie  reference  and  Input,  and  is  shown  going  into  a  frequency  doubler 
The  output  is  an  exact  double  multiple  of  the  400-cps  source  and  goes  to 
two  blocks.  One  block  Is  a  one-shot  multivibrator  (140  microsecond  pulse) 
and  vis  the  blanking  circuits  (suhsequsnt  block)  blanks  the  retrace  lines 
on  the  oscilloscope.  The  output  of  tho  frequency  doubler  also  goes  to  four 
flip-flops  in  cascade  where  the  800  pulses  per  second  (double  400)  are  suc¬ 
cessively  reduced  fay  factors  of  turn  down  to  50  pulses  per  second.  The  last 
of  these  is  used  as  the  frame  repetition  rate  of  the  system.  Emitter  fol¬ 
lowers  are  used  in  conjunction  with  the  flip-flops  to  increase  the  fan-out 
capabilities;  that  is,  allow  driving  many  more  loads.  Ultimately,  the 
X  and  Y  switches  are  fired  may  Of  the  AMD  gates,  OR  gates,  pulse  ampli¬ 
fiers,  and  switch  drivers.  MsspSttlvs  functions  of  the  switches  are  in¬ 
dicated  to  the  right  of  eeeh  X  add  1  pair.  In  total,  sixteen  pairs  are 
shown;  this  arises  from  the  four  flip-flops  which  have  24  or  16  discrete 
states.  Sixteen  switches  are  provided  on  the  Image  Programmer  to  allow 
•witching  in  or  out  any  of  the  data  on  tho  16-swltch  pairs.  Actually,  the 
gating  of  information  is  not  altered;  rather,  the  images  on  the  scope  are 
blanked  or  unblanked  by  their  respeetlve  switches  in  the  group  of  16. 

In  addition,  the  Iasge  Programmer  has  the  power-on  switch,  where¬ 
by  inputs  of  ->-25  vde,  -25  vdo,  -80  vdc  and  115  vac,  400  cps  can  simultan¬ 
eously  be  applied  to  the  entire  system.  A  fuse  and  an  indicator  light  are 
included  for  each  voltage. 
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The  Oscilloscope  (figure  16)  is  a  Model  213Q-S  manufactured  by 
Electromec,  Inc.  Los  Angeles,  Cal.  It  features  a  21-inch  screen  with  P-'” 
phosphor.  This  is  a  double  phosphor  giving  two  colors,  blue  and  yellow- 
green;  persistences  to  10  percent  point  are  0.0003  and  0.4  second,  respec¬ 
tively.  The  oscilloscope  is  operated  on  its  aide  to  position  the  long  axis 
vertically.  The  face  has  been  modified  so  that  an  edge -illuminated  scribed 
reticule  is  superimposed  on  the  CRT.  Provisions  are  included  so  that  sev¬ 
eral  plexiglass  filters  may  be  inserted  between  reticule  and  oscilloscope 
face.  The  filters,  from  Rohm  and  Haas,  aret 

-  Cat.  No.  2064,  Light  Smoky 

-  Cat.  No.  2074,  Heavy  Smoky 

-  Cat.  No.  2208,  Yellow 

Two  of  each  are  on  hand  and  combinations  may  be  employed  to  effect 
control  of  the  apparent  persistence  of  the  CRT. 


4-2.  DESCRIPTION  OF  CIRCUITS 
A.  ANALOG  COMPUTER 


0 

The  basic  blocks  within  the  Reeves  Model  400C  computer  ar^  the  con¬ 
ventional  high  gain  feedback  amplifiers  that  are  utilized  as  summers  and 
integrators.  The  other  elements  within  the  computer  such  as  servos,  lim¬ 
iters,  and  diode  function  generators  are  not  used.  Two  auxiliary  six- 
channel  recorders  are  available  and  are  employed  to  produce  permanent 
traces  of  various  voltages.  Patching  of  the  recorders  is  simple,  and  the 
total  of  twelve  channels  gives  wide  capability  for  recording  the  simultan¬ 
eous  behavior  of  many  signals. 


Two  patch  panels  have  been  wired  up  as  indicated  in 

-  Figure  17,  Computer  System  Block,  Quadruple  Trace 

-  Figure  18,  Computer  System  Block,  Flight  Path  Trace. 

Without  further  changes,  each  of  these  patches  produces  its  own 
mode  of  operation. 


A  few  added  features  were  required  in  the  computer  to  make  possi¬ 
ble  the  fast  traces.  The  standard  integrators  with  the  one  microfarad 
feedback  capacitor  have  been  modified  so  that  0.2,  0.1,  0.05  or  0.025  micro¬ 
farad  capacitors  may  be  substituted.  These  correspond  to  fast-time  factors 
of  5,  10,  20  or  40,  equal  to  the  reciprocal  of  feedback  capacitor  in 
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microfarads.  A  four-position  multiple  deck  selector  switch)  on  the  front 
panel  of  the  computer,  allows  switching  to  the  desired  fast-time  factor. 

In  all)  9  of  the  20  Integrators  have  been  modified.  Details  of  the  com¬ 
ponents  and  Interconnections  are  Indicated  in  figure  19. 

The  computer  modifications  also  include  isolating  the  reset  and 
hold  relay  busses  of  tjhe  modified  integrators  from  the  unmodified  units. 

These  busses ,  for  the  fast-elements,  are  energized  from  circuitry  in  the 
Switch  and  Pattern  Generator  Unit.  The  relay  busses  are  pulsed  at  a  rate 
from  approximately  twice  a  second  to  approximately  once  every  five  seconds. 
The  rate  is  continuously  variable  by  controls  on  the  front  panel  of  the 
unit. 

One  of  the  controls  adjusts  the  length  of  the  fast-time  trace 
display.  The  other  controls  the  time  in  which  the  computer  remains  in 

reset*  the  dead  time. 

A  switch  is  included  on  the  front  panel  of  the  computer  so  that 
the  reset  and  hold  relay  busses  may  either  be  connected  for  normal  opera¬ 
tion  or  the  Modified  integrators  may  be  isolated.  Details  are  shown  in 
figure  20.  The  reset  rates  selected  set  acceptable  limits  on  the  frequency 
of  actuations  of  the  relays.  As  an  example)  two  reset  cycles  per  second 
amount  to  one-million  relay  actuations  in  approximately  130  hours;  this 
has  been  chosen  as  a  limit  for  failure-free  operation. 

B.  COVTROL  PAXIL 

The  Control  Panel  contains  the  circuitry  shown  in  figure  21. 
Manually  adjustable  potentiometers  are  Included  as  controls  on  inputs  to 
the  system.  Badudlng  the  two-ganged  acceleration  limit  potentiometers, 
they  are  all  10-turn  precision  types  with  digital  knobs  so  that  reset- 
abillty  la  good  to  one  part  in  a  thousand.  The  functions  the  potentiometers 
oontrol  are  as  indicated  on  the  schematic  and  are  self-explanatory.  Physi¬ 
cal  positioning!  are  as  indicated  in  figure  22. 

In  addition,  the  Control  Panel  has  two  4-pole,  double-throw  relays. 
On#  Is  tho  start  rolay  which  electrically  latchas  Itself  in  when  the  start 
button  la  pushed,  and  drops  out  automatically  whan  tha  problem  is  over. 

This  featura  has  boon  Included  to  keep  use  of  tha  analog  computer  to  a 
minimum.  Tha  othsr  relay  is  the  control  delay  ralay,  which  is  energized 
when  the  control  stick  pick-off  arm  is  to  be  connected  to  the  system.  At 
the  start  of  a  problem,  a  short  period  of  time  elapses  during  which  the 


control  stick  has  no  effect;  i.e.,  the  control  delay  relay  is  de-energized. 
The  length  of  this  period  is  controllable  by  the  control  delay  potentiometer, 
shown  with  its  associated  circuitry  in  figure  21.  At  the  end  of  the  period, 
the  control  delay  relay  is  energized  and  the  stick  acquires  control.  The 
purpose  of  the  delay  is  to  allow  the  subject  to  familiarize  himself  with 
the  given  initial  conditions  before  he  can  exercise  control.  The  control 
delay  circuitry  consists  of  a  monostable  flip-flop,  with  the  reset  time 
being  controlled  by  varying  the  time  constant  of  the  control  delay  potentio- 

’•'•N 

-Jneter  (1  megohm)  and  the  22-microfarad  capacitor.  The  contacts  of  both 
relays  are  Interconnected  with  the  system  as  shown  on  the  schematic 
(figure  21) . 

C.  SWITCHES  AND  PATTERN  GENERATOR 

The  circuits  in  the  Switches  and  Pattern  Generator  are  as  shown 
in  the  following  figures* 

-  Switches,  figure  23 

-  3.2  KC  Oscillator  and  Pattern  Generator,  figure  24 

-  Computer  Timing  Circuits,  figure  20. 

The  potentiometers  indicated  are  all  placed  on  the  front  panel  of 
the  unit.  Their  functions  were  described  previously  in  this  section. 

1.  Switches 

The  switches  supply  input  X  and  Y  information  to  the  oscillo¬ 
scope  in  serial  form,  to  time  share  the  writing  beam.  All  solid  state 
circuitry  is  used  with  solid  state  switches  of  the  type  2N1640  by  Crysta- 
lonics,  Inc.  Thi3  if  a  PNP  symmetrical  silicon  transistor  with  very  low 
leakage  currents,  less  than  12  ohms.  This  device  is  used  to  clamp  the  mid¬ 
point  of  parallel  summing  resistors  to  ground.  Summing  resistors  that 
parallel  sum  positive  or  negative  voltages  at  inputs  to  the  oscilloscope. 

By  actuating  these  switches  in  the  desired  sequence,  the  analog  positioning 
or  Llssajous  pattern  voltages  may  be  summed  through,  or  shunted  to  ground. 

The  midpoints  of  the  summing  resistors  are  chosen  so  that  neither  sum  point 
nor  signal  sources  are  ever  clamped  to  ground. 

2.  3.2  KC  Oscillator  and  Pattern  Generator 

The  3.2-kc  oscillator  generates  the  voltages  to  be  used  for  the 
Lissajous  cross  or  circle  identifying  the  real-  or  fast-time  vehicle  posi¬ 
tion.  These  voltages  are  parallel  summed  with  the  appropriate  X-Y 
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positioning  d-c  voltages  to  produce  dynamic  signals  consisting  of  a  3.2-kc 
Liasajous  voltage  riding  on  a  d-c  component  for  X  axis  and  for  Y  axis. 

The  3.2-kc  frequency  is  used  to  assure  more  than  one  complete 
sinusoid  per  display  interval.  The  display  Interval  is  defined  as  the 
period  of  time  that  each  image  is  flashed  on  the  oscilloscope  per  frame. 
Insofar  as  there  are  50  frames  per  second ,  each  frame  takes  20  milliseconds. 
Dividing  this  into  16  parts  by  the  4-  flip-flops  in  the  Image  Programmer) 
each  lasts  1.25  milliseconds.  Subtracting  0.140  millisecond  for  retrace 
line  blanking)  the  display  interval  then  becomes  1.11  milliseconds.  Since 
the  time  for  one  3»^-kc  sinusoid  is  0.313  millisecond,  the  oscillator  fre¬ 
quency  and  display  interval  are  compatible. 

The  selection  of  3*2-kc,  an  integral  multiple  of  the  basic  400 
cps,  eliminates  "rolling"  of  patterns  and  beat  frequencies  that  may  be  set 
up  by  the  power  source.  If  successive  frames  do  not  paint  the  same  patterns 
with  same  positions  of  sine  waves,  the  irregularities  that  exist  are  seen 
running  through  the  images. 

The  oscillator  is  essentially  a  tuned  resonant  tank  which  receives 
voltage  pulses  from  a  40-uicrosecond,  one-shot  multivibrator.  By  passing 
the  output  through  several  filter  sections,  a  clean  sinusoidal  signal  is 
derived  with  the  amplitude  remaining  fixed  within  prescribed  limits.  This 
output  than  goes  to  the  six  potentiometers  and  associated  resistors  and 
capacitors  that  make  up  the  Pattern  Generator.  In-phase,  out-of -phase,  and 
90-degree  phased  voltages  are  produced  and  are  used  to  generate  the  Lissa- 
Jous  patterns  for  the  real-  and  fact- time  vehicle  images,  crosses  or 
circles. 

3*  Computer  TTtf tn 

The  schematic  diagram  for  the  computer  timing  circuits  (figure 
20)  shovi  the  technique  employed  for  periodic  resetting  of  the  fast- time 
integrators  in  tha  computer.  A  power  transistor  (2N389  or  equivalent)  pro¬ 
duces  high  current  pulses  In  the  X  and  Y  relay  busses  to  the  fast-time 
elements.  The  pulse  width  and  repetition  rate  are  produced  by  the  fast- 
time  repetition  rate  generator.  This  ganerator  is  a  free  running  mulci- 
vibrator  where  on  and  off  times  differ  and  are  controllable  via  a  potentio¬ 
meter.  Thus,  two  potentiometers  arc  included,  one  to  control  the  length 
of  the  fast- time  display  interval,  and  the  other  to  control  the  dead  time 
interval  during  which  the  computer  is  reset. 
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The  remainder  of  the  circuitry  is  used  to  blank  part  of  fast- time 
traces.  The  ramp  voltage  across  the  22-microfarad  capacitor  near  the  dead 
time  adjust  is  used  as  a  time  base.  It  is  scaled  down  by  a  2  K  potentio¬ 
meter,  called  fast  time  trace  length  adjust,  and  then  applied  to  a  Schmitt 
trigger  squarer.  By  adjusting  the  2  K  pot,  the  point  where  the  Schmitt 
trigger  fires  is  continuously  controllable,  relative  to  the  fast- time 
traces.  Thus,  a  variable  blanking  pulse  is  available  at  the  output  of  the 
Schmitt  trigger.  This  signal,  in  turn,  goes  through  an  AND  gate  and  then 
an  OR  gate  to  the  blanking  circuits  in  the  Image  Programmer.  The  purpose 
of  the  AND  gate  is  to  make  certain  that  the  fast-time  trace  blanking  is 
effectual  only  during  the  intervals  when  the  fast-time  traces  are  being 
generated.  The  OR  gate  combines  the  output  with  all  the  inputs  to  the 
total  blanking  circuits  in  the  Image  Programmer. 

D.  IMAGE  PROGRAMMER 

The  contents  of  the  Image  Programmer  are  shown  in  two  schematics: 

-  Timing  Pulses  Generation,  figure  25 

-  AND  and  OR  Gates,  figure  26. 

The  functional  drawing  in  figure  15  indicates  the  major  subdiv¬ 
isions  of  the  Image  Programmer  and  the  flow  of  signals. 

The  basic  design  establishes  a  time  reference  locked  to  the  400- 
cycle  power  source  frequency,  and  effects  a  multiplexing  program  to  fire 
the  switches  in  their  correct  timing  sequence. 

1.  Timing  Pulses  Generation 

The  time  reference  pul***  are  generated  as  indicated  in  figure 
25.  The  flow  starts  at  the  frequency  doubler,  where  400  cps  Is  converted 
to  800  pulses  per  second.  These  are  squared  by  a  Schrdtt  trigger  with  an 
output  that  drives  both  the  3.2-kc  oscillator  and  a  bank  of  4  flip-flops  in 
cascado.  In  the  flip-flops,  the  pulses  are  successively  divided  by  two  to 
produce  400,  200,  100  and  50  pul  ea  per  second.  The  last  of  these  pulses 
controls  the  frame  rate.  Tbr  flip-flops  are  triggered  by  trailing  edge 
fall-time  of  one  microsecond  or  less,  and  the  two  out.ru cs  per  flip-flop 
drive  eight  emitter  followers  for  greater  fan-out  cap.ubilit.yf  i.e.,  to 
allow  driving  greater  loads.  The  loads  to  the  emitter  followers  are  the 
AND  gates  shown  in  matrix  form  in  figure  26.  The  signals  are  identified 
as  A,  A,  B,  £,  C,  C,  D  and  D. 
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Pigura  25  alto  contains  tha  total  blanking  circuit*  that  driva 
the  Z  axis  of  tha  oscilloscope.  These  include  a  one-shot  multivibrator 
that  produces  0.l40-millisecond  pulses  to  occlude  the  retrace  lines  on  the 
scope.  All  other  Inputs  to  the  total  blanking  circuits  are  combined  via 
an  OR  gate,  so  that  any  time  interval  may  be  blanked  by  supplying  approxi¬ 
mately  -*-10  volts  into  any  input  to  the  OR  gate.  The  threshold  is  at  approx¬ 
imately  +5  volts.  The  output  of  the  total  blanking  is  a  train  of  pulses 
that  are  at  either  of  two  levels,  -5  volts  or  -80  volts.  These  produce 
unblanking  or  blanking  respectively.  The  last  stage  Is  an  emitter  follower 
to  give  a  low  output  Impedance  and  sufficient  drive  to  the  scope. 

2.  AND  and  OR  Oates 

The  AND  gates  accept  the  light  outputs  from  the  flip-flops  through 
their  associated  emitter  followers,  identified  as  A,  A,  B,  3,  C,  C,  D  and 
D,  and  produce  16  outputs  in  parallel  form.  The  16  output  signals  are  on 
individual  wires  and  are  inputs  to  the  OR  gates.  At  any  time,  only  one  of 
these  lines  is  energized  with  approximately  +10  volts.  This  on  condition 
is  switched  from  one  wire  to  the  next  until  all  16  are  travorsed,  ana  then 
the  process  is  recycled.  The  period  of  time  that  each  of  the  wires  remains 
energized  corresponds  to  that  display  Interval,  including  the  blanking  of 
0.140  millisecoig. 

The  outputs  from  the  AID  gates  are  directed  to  a  16  x  16  open 
OR  matrix,  referred  to  as  the  01  gates;-  By  appropriate  placement  of  inter¬ 
connecting  diodes,  the  outputs  are  programmed  to  yield  the  Images  and 
patterns  desired. 

The  arrangement  is  particularly  suitable  from  the  standpoints  of 
versatility  and  flaxibillty.  Changes  in  displayed  images  can  be  made 
readily  by  simply  al taring  the  egen  array  of  diodts.  Thus,  greater  lati¬ 
tude  in  reprogramnlng  and  anas  ef  maintenance  are  both  afforded. 

The  outputs  of  the  OR  gates  actuate  the  switches  in  figure  23  in 
the  appropriate  tine  sequence,  at  determined  by  the  matrixing. 

4-3  CONSTRUCTION  RATUR18 

The  circuitry  construction  is  of  the  open  type,  which  offers 
several  distinct  advantagast 

-  standard  components  may  bt  used  to  minimize  total  cost 
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-  greater  ease  in  maintainability  and  repair  is  derived  tc  reduce 
down  time 

-  larger  components  with  higher  ratings  may  be  used  to  give  a 
higher  reliability 

-  hot  spots  which  accelerate  breakdowns  and  make  the  circuit 
designs  more  difficult  are  eliminated. 

The  system,  exclusive  of  relays  in  the  computer  and  control  panel, 
does  not  have  moving  parts.  It  features  all  solid  state  devices  in  lieu 
of  vacuum  tubes  for  the  circuits  especially  developed  for  this  equipment. 

Figures  27  and  28  show  the  packaging  employed.  The  new  circuits 
are  contained  within  standard  chassis  enclosures  with  standard  covers  to 
provide  dust  proofing  and  protection.  All  components  are  accessible  when 
covers  are  removed.  A  cabling  diagram  for  the  system  is  shown  in  figure 
29. 

Control  switches,  knobs,  and  indicator  lights  incorporated  on 
each  assembly  offer  wide  ranges  in  controlling  inputs,  outputs,  and 
functions. 

In  summary,  the  equipment  has  been  designed  to  the  research 
requirements  toj 

-  keep  engineering  and  fabrication  costs  to  a  minimum 

-  provide  for  maximum  trouble-free  operation 

-  afford  widest  control  of  the  variables 

-  make  certain  that  engineering  design  places  no  limitation  on 
the  research  goals. 
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SECTION  V 


PERFORMANCE  CRITERIA 


Analysis  of  performance  is  aimed  at  determining  levels  of  capa¬ 
bility  for  each  prediction  technique  as  a  function  of  different  parametric 
conditions.  What  this  amounts  to  is  the  examination  of  maneuver  proficiency 
in  terms  of  accuracy ,  time  to  completion,  and  ease  of  effort. 

5-1.  ACCURACY 

Regardless  of  the  speed  and  facility  of  a  maneuver,  its  quality 
rests  on  whether  or  not  it  Is  successful,  since  its  sole  purpose  is  to 
accomplish  a  desired  end  stats. 

Maneuver  success  can  be  defined  operationally  in  terms  of  accept¬ 
able  limits  of  error  (« f )  and  error  rate  («f)  at  the  end  gate.  Based  on 
these  limits,  a  suooess  envelope  can  be  developed  against  which  to  compare 
the  System  performance.  The  limiting  conditions  for  this  envelope  are  that 
the  final  arror  fca  within  gate  limits,  and  that  final  error  rate  be  low 
enough  to  permit  the  vehicle  tc  eontinue  within  the  gate  confines.  As  a 
consequence  Of  thtae  limiting  conditions,  when  «f  is  at  a  maximum  and 
positive.  If  moat  ha  negative.  Conversely,  when  «e  is  maximum  and  negative, 
lf  must  be  positive.  These  relationships  srs  shown  om  the  ne.'t  page.  The 
following  equatloms  define  the  upper  and  lower  boundaries  of  the  success 
envelope i 
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where  w  is  the  gate  width,  L  is  the  total  specified  length  of 
travel  of  the  vehicle  beyond  the  gate,  and  x  is  the  longitudinal  speed  of 
the  vehicle. 

The  frequency  distribution  of  error  and  error  rate  at  the  gate 
is  another  quantitative  criterion  for  accuracy  which  may  augment  the  prin¬ 
cipal  maneuver  success  measure. 

5-2.  MANEUVER  TIME 

The  time  it  takes  to  complete  the  maneuver  is  an  indication,  of 
system  capability.  It  takes  on  critical  importance  in  time- constrained 
situations,  where  the  operator  is  concerned  with  completing  the  maneuver  as 

quickly  as  possible. 

In  addition,  maneuver  time  as  a  proportion  of  total  available 
time  is  a  measure  of  the  temporal  margin  of  safety  made  possible  by  the 
particular  system.  In  the  context  of  a  time-constrained  situation,  it  is 
desirable  for  the  operator  to  unburden  himself  from  actual  stick  controlling 
as  quickly  as  possible  so  he  is  able  to  monitor  for  last  minute  corrections 
or,  attend  to  other  tasks  Involved  in  the  situation. 

As  a  performance  criterion,  maneuver  time  is  conceptually  inde¬ 
pendent  of  accuracy  considerations  if  it  is  considered  as  the  time 
elapsing  between  the  start  of  the  problem  and  the  cessation  of  control 
stick  movements.  In  other  words,  it  would  be  possible  for  an  operator 
to  complete  a  maneuver  quickly  and  for  the  maneuver  not  to  be  success¬ 
ful.  If  maneuver  time  is  made  contingent  on  maneuver  success,  on  the 
other  hand,  only  successful  trials  can  be  considered  when  maneuver  time 
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is  mtasurad.  Sines  maneuver  sueesas  is  presumed  to  be  an  overriding 
criterion,  maneuver  time  viU  bs  recorded  only  for  successful  trials. 

JiansuTsr  tins  will  bs  rseordsd  as  tbs  tine  el ap sins  between  tbs 
start  of  tbs  problem  and  tbs  esssation  of  control  stick  moveaents  for  suc¬ 
cessful  aaneursrs. 

5-3.  STICK  NOTIOI 

A  third  aspect  of  performance  in  addition  to  accuracy  and  tine 
is  ease  of  efforts,  the  "cost  to  the  organism".  The  merits  of  a  system 
can  be  maaningfully  measured  in  terms  of  bow  much  effort  the  operator  must 
expend  to  make  the  system  work  effectively.  In  the  problem  situation, 
measurable  effort  consists  in  moving  the  stick  to  impart  control  inputs. 

The  measure  taken  here  to  indicate  effort  is  the  magnitude  of  stick  dis¬ 
placement  integrated  over  problem  time. 

An  additional  measure  of  the  ease  with  which  the  system  can  be 
successfully  maneuvered  is  the  number  of  control  stick  reversals  required 
during  the  problem.  The  nature  of  the  control,  since  it  Involves  the  addi¬ 
tion  and  elimination  of  lateral  acceleration,  requires  some  control  stick 
reversal  in  order  to  null  out  lateral  velocity.  Systems  can  be  differen¬ 
tially  compared,  however,  on  the  basis  of  the  total  number  of  control  re¬ 
versals  needed  to  effebt  a  given  maneuver.  This  measure  of  performance 
must,  however,  be  considered  In  relation  to  maneuver  time.  In  an  error 
nulling  teak,  s  alight  lateral  acceleration  will  allow  the  system  to 
approach  the  desired  path  slowly  enough  so  that  it  can  coast  in  with  a 
minimum  of  control  reversal,  but  not  in  time  to  meet  deadline.  Some  more 
O  drastic  lateral? acceleration  is  necessary  to  bring  the  vehicle  close  to  the 
correct  path  in  a  abort  time,  at  the  expense  of  overshoot  with  stick 
reversal. 

5-4.  GKSBUL  OOWIMUnObO 

Xn  a  tiae-oons trained,  error-nulling  situation,  late  errors  are 
more  consequential  than  sarly  srrors  bscause  of  the  relative  lack  of  time 
to  correct  them.  Zt  may  seam  reasonable  that  performance  measures,  parti¬ 
cularly  arror,  should  bs  walghtad  by  soma  function  of  time.  This  would  hay* 
the  effect  of  penalising  later  errors,  which  la  appropriate  in  the  time 
restricted  problem.  While  this  is  not  done  explicitly  in  the  performance 
measures  indicated,  it  is  implicit  in  both  the  accuracy  and  time  measures. 
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The  system  is  being  operated  to  meet  a  time-deadline,  and  errors  made  or 
left  uncorrected  late  in  the  situation  impose  a  more  severe  requirement  on 
the  system  for  successful  maneuver  within  the  time  limit.  Late  errors 
also  increase  the  total  maneuver  time. 
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SECTION  VI 


EXPERIMENTAL  PROGRAM  ; 

V, 


The  experimental  program  consists  of  an  evaluation  of  manual 
control  performance  achieved  through  the  use  of  prediction  and  non-predic¬ 
tion  systems,  in  the  context  of  the  relevant  prediction,  system,  and 
situation  parameters.  The  evaluation  involves  measurement  of  performance 
with  each  system  in  a  variety  of  time-constrained  problem  situations. 

6-1.  SYSTEMS  AND  RELEVANT  PARAMETERS 

The  six  systems  to  be  evaluated  fall  into  three  pairs  with  res¬ 
pect  to  prediction  capability. 

A.  HOI-PREDICTION  SYSTEMS 

For  these  systems,  the  only  information  explicitly  presented  to 
the  pilot  subject  is  the  position  of  the  vehicle  as  it  moves  in  real  time, 
and  positional  error  with  respect  to  the  desired  position.  One  system  is 
unqulekoned  while  the  ol^sr  has  director  control. 

Performance  levels  with  these  two  systems  constitute  a  base  line 
against  which  to  evaluate  the  utility  of  the  prediction  techniques  under 

consideration. 

The  parameters  which  are  relevant  here  are  available  time,  initial 
error  sad  initial  arror  rate,  and  system  dynamics. 

B.  SIMPLE  PREDICTION  SYSTEMS 

For  this  pair  of  systams,  the  explicit  information  presented  is 
the  vehiole  position  with  respect  to  the  desired  position  and  the  predicted 
peth(s)  of  the  vehicle  for  a  specified  time  in  the  future,  contingent  on 
one  or  more  control,  stick  positions. 


This  pair  of  systems  will  be  evaluated  for  performance  with 
different  values  of  available  time,  initial  error,  initial  error  rate, 
number  and  type  of  prediction  trace,  prediction  period,  prediction  repeti¬ 
tion  rate,  and  system  dynamics. 

C.  FLIGHT-PATH  PREDICTION  SYSTEMS 

This  type  of  system  involves  a  predicted  path  contingent  on  con¬ 
trolling  the  vehicle  in  accordance  with  the  flight  director  commands.  That 
is,  it  predicts  the  path  of  the  vehicle  as  it  would  occur  if  the  director 
were  nulled.  With  the  parametric  director  system,  the  pilot  subject  is 
able  to  modify  the  director  program  to  produce  a  more  suitable  path  for  the 
vehicle.  Performance  with  this  pair  is  examined  in  the  light  of  the  follow¬ 
ing  parameters:  available  time,  initial  error,  initial  error  rate,  pre¬ 
diction  repetition  rate,  and  system  dynamics.  The  prediction  period  is 
made  long  enough  to  cover  the  complete  problem  time  available. 

Table  2  presents  a  summary  of  the  systems  to  be  studied,  and  then 
the  relevant  parameters  to  be  investigated. 

The  nature  of  a  system  transient  response  to  an  error  or  error 
rate-nulling  control  input  is  determined  by  the  dynamics  of  the  system 
plus  the  magnitude  of  the  error  condition.  The  time  it  takes  to  null  the 
error  as  a  function  of  these  parameters  constitutes  system  response  time. 

The  variation  of  system  dynamics  and  initial  error  conditions  can  be  made, 

a  ^  • 

then,  in  terms  of  the  response  time.  Response  time  as  a  proportion  of 
available  time  is  an  Important  measure  of  the  inherent  capability  of  the 
system. 

This  concept  permits  a  more  convenient  way  of  varying  many  param¬ 
eters  simultaneously  in  a  manner  that  reduces  the  number  of  discrete  ex¬ 
perimental  tria'.s  necessary  to  explore  system  performance'  comprehensively. 
For  example,  to  vary  seven  parameters  simultaneously,  with  a  minimum  number 
of  three  values  for  each  parameter  to  produce  functional  data  would  result 
in  3^  or  more  then  2000  discrete  trials  per  subject  without  replication. 
Combining  system  dynamics,  initial  error,  and  initial  error  rate  to  produce 
functional  values  of  system  response  time  reduces  this  number  to  a  manage¬ 
able  level. 
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Non-Predict 
Parameters  Manual  |  Dire 

Prediction: 

Number  of  traces 
Period 

Repetition  rate 
System: 

Dynamics  X 

Situation: 

Available  time  X 

Initial  error  X 

Initial  error  rate  X 


6-2.  SUBJECTS 

Six  subjects  with  pilot  experience  have  been  selected  for  the 
imestigs  tion.  It  intended  that  inexperienced  subjects  will  also  be 
used  -t  a  latei  stage  to  investigate  the  effects  of  experience  on 
performance. 

6-3.  EXPERIMENTAL  PROCEDURE 

For  each  pair  of  tests,  each  subject  is  told  to  steer  the  vehicle 
to  tne  ’’on  course"  line  as  quickly  as  possible,  and  to  keep  it  on  course 
until  it  passes  through  the  gate.  He  is  made  familiar  with  each  display  by 

-  observing  passively  while  a  sample  problem  is  run  with  each 
display 

-  b;'  examining  a  static  sketch  describing  the  different  displays 
pnd  the  information  presented 

-  p,  "dicing  with  each  display  to  "get  a  feel"  for  the  task. 

The  practice  trials  are  different  from  any  of  the  experimental  trials. 

Since  all  conditions  and  display  are  counterbalanced  in  order  of  presenta¬ 
tion,  the  effect  of  practice  and  of  presentation  sequency  are  distributed 
evenly  over  all  conditions. 

6-\.  PERFORMANCE  MEASURES 

The  following  performance  measures  will  be  used  in  accordance 
with  the  performance  criteria  established  in  Section  V. 

A.  MANEUVER  SUCCESS 

Final  error  and  error  rate  are  established  for  tlie  time  the  ve-> 
hide  passes  through  the  gates  from  recorded  data.  These  are  compared  with 
tolerable  error  conditions  (i.e.,  a  sucoess  envelope)  to  determine  the 
success  or  failure  of  the  maneuver* 

For  each  experimental  ays  tea,  frequency  distributions  are  made  of 
final  error  and  error  rate  magnitudes  to  determine  characteristic  residual 
error  central  tendencies  and  rariancts  for  each  system. 

B.  MANEUVER  TIME 

For  success^ oi  maneuvers,  the  time  from  the  start  of  the  problem 
tc  the  point  where  control  inputs  cease  (i.e.,  the  subject  is  satisfied 


with  the  maneuver)  is  recorded.  This  will  he  measured  as  a  proportion  of 
available  (problem)  time. 

C.  INTEGRATED  STICK  DISPLACEMENT  /> 

The  amount  of  stick  displacement  i?  integrated  over  the  time  of 
the  problem  and  recorded  to  produce  a  cumulative  measure  of  the  amount  of 
effort  involved  in  the  maneuver. 

D.  STICK  REVERSALS 

The  total  number  of  control  stick  reversals  during  a  trial  is 
recorded  for  use  as  an  ancillary  measure  of  effort  and  as  an  Indication  of 
maneuver  difficulty,  control  stick  reversals  having  relationship  to 
correction  inputs. 

E. 1!  TRAJECTORY  DATA 

The  path  taken  by  the  vehicle  during  each  trial  is  recorded  on 
ah  X-Y  plotter.  This  permits  analysis  of  detailed  performance  to  analyze 
error  tendencies  (e.g.,  whether  a  particular  system  tends  to  produce  late 
errors,  or  many  small  errors  as  opposed  to  a  few  lai'ge  ones) . 

F.  OPINIONS  OF  TEST  SUBJECTS 

In  addition  to  the  objective  measures  indicated,  subjective 
reactions  to  each  system  are  'Solicited  after  each  test  series  to  obtain 
user  opinions  on  the  qualities  of  each  of  the  systems.  A  prepared  ques¬ 
tionnaire  is  used  for  this  purpose. 

The  data  obtained  in  thsf^  experimental  procedures  outlined  will  be 
sufficient  to  establish  functional  relationships  for  the  performance  of 
each  of  the  manual  control  systems  considered,  in  terms  of  the  relevant 
parameters. 
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APPENDIX  A 


TRANSIENT  RESPONSE  OF  SECOND  ORDER  SYSTEM  SUBJECT  TO  INITIAL  ERROR  RATE 


The  transient  response  of  *  second  order  system  subject  to  an 
initial  error  rate  ( )  may  be  determined  conveniently  by  the  application 
of  the  complete  Laplace  transform  including  the  terms  associated  with 
initial  conditions  (reference  2). 

The  displacement  error  in  terms  of  the  Laplace  variable  S  is 


-y0  Kx  Kj, 

E(S)  =  - 2 -  =  - — = —  +  - — — 

S«  +  25«nS  +  s  -  rl  S  -  r2 

11  '  ,  //  " 

where  r^  and  r2  are  the  roots  of  the  characteristic  equation, 
are  coefficients  which  may  be  determined  as  follows. 
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The  corresponding  displacement  in  the  time  domain  «(t)  is 
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When  C  <  1.  for  which  cate  the  systea  is  underdaaped, 
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The  displaceaent  functi 
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in  equation  (4) 

nay  be  reduced  using 
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tions  (9)  aad  the  Euler 
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sin  (< 

i*nt  fi  -  J2 ) 

(7) 

nrr> 

Vhen  {  >  1,  representing  an  overdaaped  systea, 

ri  =  -  C*>n  -  "  1 
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and  e^natioa  (4)  any  be  traasforaed  to 
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Am  (  •  •  IM  syatea  It  ef'ltleallj  daaped,  the  roots  r^  and  rg  are  both 
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lift. 
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The  displacement  function  in  the  tine  domain  becomes 

e(t)  =  -y0t  e"Wnt  (12) 

Equations  (7),  (9),  and  (12)  represent  the  transient  response  of  the  system 
depicted  in  figure  10. 
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FIGURE  0.  DEFINITION  OF  PROBLEM  PARAMETERS 
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FIGURE  9.  TRANSIENT  RESPONSE  OF  SECOND  ORDER  SYSTEM  SUBJECT  TO  INITIAL  POSITION  ERROR 


FIGURE  10.  TRANSIENT  RESPONSE  OF  SECOND  ORDER  SYSTEM  SUBJECT  TO  INITIAL  ERROR  RATE 
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FIGURE  13 

SYSTEM  BLOCK  DIAGRAM 
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FIGURE  15 

IMAGE  PROGRAMMING-FUNCTIONAL  DRAWING 


(f 


FIGURE  16.  PREOICTIVE  INSTRUMENTATION  DISPLAY 


il| — V\£v\W — o 


To  sTO&sua 


£ 


FIGURE  18 

COMPUTER  SYSTEM  BLOCK  DIAGRAM-FLIGHT  PATH  TRACE 
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FIGURE  19 

CONNECTIONS  AND  MODIFICATIONS  TO  INTEGRATORS  -  SCHEMATIC  DIAGRAM 
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FIGURE  20 

COMPUTER  TIMING  CIRCUITS -SCHEMATIC  DIAGRAM 
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FIGURE  22 

CONTROL  PANEL  ARRANGEMENT 
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FIGURE  23 

SWITCHES -SCHEMATIC  DIAGRAM 
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FIGURE  24 

3.2  KC  OSCILLATOR  AND  PATTERN  GENERATOR- SCHEMATIC  DIAGRAM 
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FIGURE  26 

AND  and  OR  GATES  -  SCHEMATIC  DIAGRAM 
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FIGURE  28 .  PREDICTIVE  INSTRUMENTATION 
CONTROL  UNITS 


FIGURE  29 

CONNECTOR  AND  CABLING  WIRING  (SHEET  I  OF  2) 
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FIGURE  29.  CONNECTOR  AND  CABLING  WIRING  (SHEET  2  OF  2i 
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